Autism is a complex neurodevelopmental disorder of early onset that is highly variable in its clinical presentation. Although the causes of autism in most patients remain unknown, several lines of research support the view that both genetic and environmental factors influence the development of abnormal cortical circuitry that underlies autistic cognitive processes and behaviors. The role of the immune system in the development of autism is controversial. Several studies showing peripheral immune abnormalities support immune hypotheses, however until recently there have been no immune findings in the CNS. We recently demonstrated the presence of neuroglial and innate neuroimmune system activation in brain tissue and cerebrospinal fluid of patients with autism, findings that support the view that neuroimmune abnormalities occur in the brain of autistic patients and may contribute to the diversity of the autistic phenotypes. The role of neuroglial activation and neuroinflammation are still uncertain but could be critical in maintaining, if not also in initiating, some of the CNS abnormalities present in autism. A better understanding of the role of neuroinflammation in the pathogenesis of autism may have important clinical and therapeutic implications.
Introduction
Autism is the most severe and devastating condition in the broad spectrum of developmental disorders called 'pervasive developmental disorders' (Rapin, 1997) . Autistic disorders are characterized by marked impairment in social skills, verbal communication, behavior, and cognitive function (Rapin, 1997; Lord et al., 2000) . Abnormalities in language development, mental retardation, and epilepsy are frequent problems in the clinical profile of patients with autism (Rapin, 1997) . The syndrome is clinically heterogeneous and can be associated in up to 10% of patients with well-described neurological and genetic disorders, such as tuberous sclerosis, fragile X, Rett and Down syndromes, although in most patients the causes are still unknown (Rapin & Katzman, 1998; Newschaffer et al., 2002; Cohen et al., 2005) . The importance of autism as a public health problem has been recognized in recent years, as epidemiological studies have suggested that the age-adjusted incidence of research-identified autism has increased from 5.5 (95% confidence interval, 1.4-9.5) per 100 000 children in the period 1980-1983 to 44.9 (95% confidence interval, 32.9-56.9 ) in the period 1995-1997 (8.2-fold increase) (Barbaresi et al., 2005) while the prevalence of autistic syndromes has increased to 3-6 per 1000 children, with a male to female ratio of 3:1 (Fombonne, 2003; YearginAllsopp et al., 2003) . In addition to complex multigenic factors (Folstein & Rosen-Sheidley, 2001 ), several researchers have also hypothesized important roles for environmental factors, pre-or perinatal injuries, vaccines, mercury toxicity, or persistent viral infections (Wing & Potter, 2002; Larsson et al., 2005) . These recent observations on the epidemiology of autism strongly suggest that an interplay between genetic and as yet undefined environmental factors may increase the risk of autism, to a level greater than one would expect from genetic causes alone. changes in CNS organization that translate into abnormalities of neuronal and cortical cytoarchitecture that are responsible for the complex language and behavioral problems that characterize the autistic phenotype. The core symptoms of autism include abnormal communication, social relatedness, behavior, and cognition (Rapin, 1997; Lord et al., 2000) . The majority of children show abnormalities during infant development that may not become apparent until the second year of life. Approximately 30-50% of children undergo regression, with a loss of skills, including language, between 16 and 25 months of age (Lord et al., 2004) . In the medical evaluation of autism, specific etiologies can be found in <10% of children, including fragile X, tuberous sclerosis, and other rare diseases (Cohen et al., 2005) . Epilepsy occurs in up to 40% of patients, and epileptic discharges may occur on EEGs early in childhood, even in the absence of clinical seizures (Tuchman & Rapin, 2002) . Although children with autism present with a wide spectrum of symptoms that vary in severity and clinical progression, it is possible to define these features in affected individuals and follow them over time (Aman et al., 2004) .
Neuroanatomical abnormalities in autism
A wide range of anatomical and structural brain abnormalities have been observed in autistic patients by longitudinal clinical and magnetic resonance imaging studies. The most remarkable observation is that the clinical onset of autism appears to be preceded by two phases of brain growth abnormalities: a reduced head size at birth and a sudden and excessive increase in head size between 1-2 months and 6-14 months (Courchesne et al., 2004) . These studies have also shown that the most abnormal pattern of brain overgrowth occurs in areas of the frontal lobe, cerebellum, and limbic structures between 2-4 years of age, a pattern that is followed by abnormal slowness and an arrest in brain growth (Courchesne et al., 2004; Courchesne & Pierce, 2005) . Other studies of high-functioning autistic patients have shown an overall enlargement of brain volume associated with increased cerebral white matter and decrease in cerebral cortex and hippocampal-amygdala volumes (Herbert et al., 2003; Herbert et al., 2004) . One of the most puzzling issues in the neuroanatomical observations in autism is the lack of an acceptable explanation for the cause of this dissociation or patterns of abnormal brain growth. However, it is likely that disruption of white matter tracts and disconnection between brain regions are present in autistic patients, as demonstrated by new techniques such as diffusion tensor imaging. This approach has demonstrated reduced fractional anisotropy values in white matter adjacent to the ventromedial prefrontal cortices, anterior cingulate gyrus, and superior temporal regions, findings suggestive of the disruption in white matter tracts in brain regions involved in social functioning that has been described in autistic patients (Barnea-Goraly et al., 2004) .
In addition to abnormal growth patterns of the brain, one of the most consistent findings of neuroimaging studies in autism is the presence of abnormalities in the cerebellum. Reduction in the size of cerebellar regions such as the vermis (Hashimoto et al., 1995; Kaufmann et al., 2003) , an increase in white matter volume, and reduction in the gray/white matter ratio (Courchesne & Pierce, 2005) are the most prominent changes observed in the cerebellum. In one of these studies, the cerebellar changes appeared to be specific to autism, in contrast to other neurodevelopmental disorders such as Down syndrome, Down syndrome with autism, fragile X and fragile X with autism (Kaufmann et al., 2003) . These observations concur with: (1) the findings from neuropathological studies describing abnormalities in the cerebellum, such as a decreased number of Purkinje cells (Kemper & Bauman, 1998; Bailey et al., 1998) and, most recently, (2) observation of increased microglial activation and astroglial reactions in both the granular cell and white matter layers and a reduction in Purkinje and granular cells (Vargas et al., 2005) .
Neuropathology of autism
Cytoarchitectural organizational abnormalities of the cerebral cortex, cerebellum, and other subcortical structures appear to be the most prominent neuropathological changes in autism (Kemper & Bauman, 1998; Bailey et al., 1998 ). An unusual laminar cytoarchitecture with packed small neurons has been described in the classical neuropathological studies by Kemper and Bauman (1998) , but no abnormalities in the external configuration of the cerebral cortex were noted. Cerebellar and brainstem pathology was prominent, with a loss and atrophy of Purkinje cells, predominantly in the posterolateral neocerebellar cortex. Kemper and Bauman (1998) have delineated at least three different types of pathological abnormalities in autism: (1) a curtailment of the normal development of neurons in the forebrain limbic system; (2) an apparent decrease in the cerebellar Purkinje cell population; and (3) agerelated changes in neuronal size and number in the nucleus of the diagonal band of Broca, the cerebellar nuclei, and the inferior olive. These observations suggest that delays in neuronal maturation are important component in the spectrum of neuropathological changes in autism (Kemper & Bauman, 1998) . In addition to these cytoarchitectural abnormalities, the number of cortical minicolumns, the narrow chain of neurons that extend vertically across layers 2-6 to form anatomical and functional units, appeared to be more numerous, smaller, and less compact in their cellular configuration in the frontal and temporal regions of the brain of autistic patients, as compared with controls (Casanova et al., 2002) . Pathological evidence of immunological reactions within the CNS, such as lymphocyte infiltration and microglial nodules, has been described in a few case reports (Bailey et al., 1998; Guerin et al., 1996) .
Immunological factors associated with autism

Immunological abnormalities in autism
Reports of differences in systemic immune findings over the past 30 years have led to speculation that autism may represent, in some patients, an immune mediated or autoimmune disorder (Ashwood & de Water, 2004) . Recent reviews of immune dysfunction in autism have sought to understand these findings in the clinical context of the syndrome (Korvatska et al., 2002; Ashwood & de Water, 2004; Zimmerman, 2005) . Abnormalities of both humoral and cellular immune functions have been described in small studies of children with autism (N ¼ 10-36), and include decreased production of immunoglobulins or B and T-cell dysfunction (Warren et al., 1986) . Early studies suggested that prenatal viral infections might damage the immature immune system and induce viral tolerance (Stubbs & Crawford, 1977) , while later studies showed altered T-cell subsets and activation, consistent with the possibility of an autoimmune pathogenesis (Gupta et al., 1998) . Odell et al. (2005) recently confirmed earlier reports of a four-fold increase in the serum complement (C4B) null allele (i.e., no protein produced) in 85 children with autism, compared to controls.
Studies of peripheral blood have shown a range of abnormalities, including T-cell, B-cell, and NK-cell dysfunction; autoantibody production; and increased pro-inflammatory cytokines (Gupta et al., 1998; Singh et al., 1997; Singh et al., 2002; Vojdani et al., 2002; Jyonouchi et al., 2001) . Shifts observed in Th1 to Th2 lymphocyte subsets and cytokines and associations with human leukocyte antigen (HLA)-DR4 have suggested the possibility that autoimmunity against brain antigens may contribute to the neuropathology of autism (van Gent et al., 1997) . Decreases in immunoglobulin subsets and complement, the presence of auto-antibodies against CNS antigens, and an effect of maternal antibodies have also been proposed as pathogenic factors (Dalton et al., 2003) . In most of these studies, phenotyping was limited to descriptions of the subjects as 'autistic' based on criteria of the Diagnostic and Statistical Manual of the American Psychiatric Association. 'Abnormal' immune findings varied from 15-60% of children with autism. For some parameters, unaffected siblings showed intermediate values, and a background of such 'abnormalities' was noted in normal controls as well. In all studies, measurements have been reported at single time points and among subjects of different ages. Since these differences in systemic immune findings in autism have not been followed in the same patients over time, it is not clear whether they reflect true immune dysfunction or may represent dysmaturation that changes with age (Zimmermann, 2005) . Also, no clinical immune deficiency states have been reported in association with unusual infections or reactions to immunizations, despite widespread interest in the possibility of such relationships (Halsey & Hyman, 2001 ).
Autoimmunity and autism
Circulating auto-antibodies directed against CNS antigens have been described in patients with autism, reacting to myelin basic protein (Singh, Lin, & Tang, 1998) , frontal cortex (Todd et al., 1988) , cerebral endothelial cells (Connolly et al., 1999) , and neurofilament proteins (Singh et al., 1997) . Autoreactivity to a human protein with molecular weight in the range (but distinct from) myelin basic protein has been reported (Silva et al., 2004) . Recent findings suggest reactivity in sera from children with autism to a 73 Kd epitope in the cingulate gyrus and cerebellum. The significance of auto-antibodies in serum from patients with autism has been difficult to determine. Their presence might imply that autism is an autoimmune disorder. However, several criteria, including the necessity to demonstrate the autoimmune disease after passive transfer of antibodies into animals, would be necessary to establish the role of these auto-antibodies as pathogenic effectors (Rose & Bona, 1993) , and this evidence is still lacking. Even though several antibodies in autism serum have been demonstrated to react against human brain tissue, their pathogenicity has not been demonstrated in autism postmortem brain tissue. Of equal interest to serum reactivity in the children, however, have been studies in maternal sera. Warren et al. (1990) demonstrated reactivity of mothers' sera to their autistic children's lymphocytes. Maternal serum has also been shown to cause antibody binding to fetal Purkinje cells when it was injected into pregnant mice (Dalton et al., 2003) . Maternal antibodies may therefore be relevant to prenatal brain development (Dalton et al., 2003) , by interfering with cell signaling in the developing brain, and (perhaps) disturbing patterns of CNS organization.
Other autoimmune disorders, such as rheumatoid arthritis, lupus and thyroid disorders, have been found at increased rates in surveys of family members of children with autism, rather than in the children themselves, compared to controls. This was first observed in one family by Money (Money, Bobrow, & Clarke, 1971) , and subsequently in three clinical surveys (Comi et al., 1999; Sweeten et al., 2003; Molloy CA, personal communication) . However, these associations were not found in another study after review of medical records (Micali, Chakrabarti, & Fombonne, 2004) . A recent study of mothers with autistic children reported an association with psoriasis but not other autoimmune disorders, and a two-fold increased risk of having an autistic child for those mothers with asthma and allergies during the second trimester (Croen et al., 2005) . The meaning of these studies for autism is still not clear, but they suggest that maternal immunological effects might be important during gestation. They are also consistent with reported increases in frequencies of HLA DR4 and related alleles in children with autism and their mothers (Daniels et al., 1995; Torres et al., 2002) .
Immunogenetics in autism
Some of the most promising studies that link the immune system to autism come from the study of the HLA genes, which are important genetic determinants of immune function within the major histocompatibility complex (MHC) and could reflect important antigenic differences between parents and their affected children. Other genetic loci associated with autoimmune and inflammatory disorders appear to cluster with those for autism (as well as Tourette's syndrome) and suggest a genetic relationship based on immune dysregulation (Becker, Freidlin, & Simon, 2003) . In the case of HLA genes, the association of specific antigens/ alleles with autoimmunity suggests that autistic patients may exhibit a similar pattern of association. Immunogenetic studies have shown an increased frequency of HLA-DR4 in children with autism and their mothers, a finding that is consistent with clinical observations of increased frequencies of autoimmune disorders in families with autism (although not in the children themselves) (Comi et al., 1999) . These observations are important, as HLA-DR4, a class II antigen, has been identified as one of the susceptibility markers for certain autoimmune diseases, such as rheumatoid arthritis, and is strongly associated with others such as hypothyroidism and autoimmune diabetes (Levin et al., 2004) . These disorders have a higher incidence among families, especially mothers, of autistic children than of controls (Comi et al., 1999; Sweeten et al., 2003) . These findings were further supported by a recent report that DR4 alleles occur in individuals with autism with higher frequency than in controls recruited from the National Marrow Donor Program (Torres et al., 2002) . These observations have led researchers to investigate the possible expression of HLA-DR4 in the families of some children with autism. To confirm this possible association between HLA-DR4 and autism, we studied HLA-DR4 and its subtypes in single-birth and multiplex families with autism (Zimmerman, Tyler, & Matteson, 2001 ). Among 17 single-birth families with an autistic child in the East Tennessee region, the mothers were 4.62 times more likely (95% CI: 1.54, 14.34), and the children were 3.6 times more likely to have an HLA-DR4 haplotype than were controls (Lee et al., 2004) .
Infections and autism
Infections have been associated with autism in small numbers of children, and include prenatal rubella (Chess, Fernandez, & Korn, 1978) and cytomegalovirus (Sweeten et al., 2003; Yamashita et al., 2003) , and postnatal herpes encephalitis (DeLong, Bean, & Brown, 1981) . Given the variety of viruses and their pathogenic effects that can be associated with autism, the location of the pathology and the neural networks affected appear to be more important than the specific types of viruses. For example, reversible symptoms of autism have been reported with bilateral temporal lobe involvement in herpes simplex virus encephalitis (DeLong, Bean, & Brown, 1981) . Autism rarely results from known infectious causes, and the immune abnormalities or variants described in autism studies have not been consistent with typical immune deficiency states that would predispose to such infections. Furthermore, there have been no documented increased rates of infection in children with autism (Comi et al., 1999) . And, although persistence of measles virus in the GI tract and peripheral mononuclear cells has been reported in children with autism (Kawashima et al., 2000) , replication and further study of its possible relevance to autism in CSF and brain tissue are needed. Animal models of autism using prenatal infections (Patterson, 2002) lend credence to the importance of gestational effects on fetal brain development, as in the association of maternal influenza and the increased risk of schizophrenia (Shi et al., 2003) . Autistic behaviors also have been induced experimentally in a rat model using neonatal Borna disease virus (Carbone et al., 2002) .
Neuroglia responses and neuroinflammation in autism
Neuroglia and CNS function
Neuroglial cells such as astrocytes and microglia, along with perivascular macrophages and endothelial cells, play important roles in neuronal function and homeostasis (Aloisi, 2001; Dong & Benveniste, 2001) . Both microglia and astroglia are fundamentally involved in cortical organization, neuroaxonal guidance and synaptic plasticity (Fields & StevensGraham, 2002) . Neuroglial cells contribute in a number of ways to the regulation of immune responses in the CNS. Astrocytes, for example, play an important role in the detoxification of excess excitatory amino acids (Nedergaard, Takano, & Hansen, 2002) , maintenance of the integrity of the blood-brain barrier (Prat et al., 2001) , and production of neurotrophic factors (Bauer, Rauschka, & Lassmann, 2001 ). In normal homeostatic conditions, astrocytes facilitate neuronal survival by producing growth factors and mediating uptake/removal of excitotoxic neurotransmitters, such as glutamate, from the synaptic microenvironment (Nedergaard, Takano, & Hansen, 2002) .
However, during astroglial activation secondary to injury or in response to neuronal dysfunction, astrocytes can produce several factors that may modulate inflammatory responses; they secrete proinflammatory cytokines, chemokines, and metalloproteinases that can magnify immune reactions within the CNS (Bauer, Rauschka, & Lassmann, 2001; Rosenberg, 2002) . Similarly, microglial activation is an important factor in the neuroglial responses to injury or dysfunction. Microglia are involved in synaptic stripping, cortical plasticity, and immune surveillance (Aloisi, 2001) . Changes in astroglia and microglia can therefore produce marked neuronal and synaptic changes that are likely to contribute to CNS dysfunction or modify CNS homeostasis during disease processes. Neuronal dysfunction and abnormalities in cortical organization such as those seen in autism may also be responsible for pathophysiological responses that may lead to neuroglial activation, reactions that may subsequently increase the magnitude of neuronal dysfunction.
Neuroglia responses in autism
The role of neuroglia in autism has been ignored in the past several years and previous neuropathological studies did not show evidence of astrogliosis or microglial reactions (Kemper & Bauman, 1998) . Evidence of neuroglial activation and a role for neuroimmune responses mediated by innate immunity in the neuropathology of autism, recently has been demonstrated by our laboratory (Vargas et al., 2005) . Based on neuropathological analysis of postmortem brain tissues from 11 autistic patients (age range 5-44 years), we have demonstrated the presence of an active and ongoing neuroinflammatory process in the cerebral cortex and white matter, and notably in the cerebellum. Immunocytochemical studies of brain tissues from these 11 autistic patients showed marked activation of microglia and astroglia as compared with controls. The neuroglial activation was particularly prominent in the granular cell layer and white matter of the cerebellum. An assessment of the magnitude of astrogliosis using immunocytochemistry for glial fibrillary acidic protein (GFAP) in the midfrontal (MFG) and anterior cingulate gyrus (ACG) and cerebellum (CBL) of the autistic brains revealed increased astroglial reactions characterized by an increase in the volume of perikarya and glial processes. In the brains of autistic patients, GFAP immunostaining of the cerebellum showed a marked reactivity of the Bergmann's astroglia in areas of neuronal loss within the Purkinje cell layer, as well as a marked astroglial reaction in the granular cell layer and cerebellar white matter. In the MFG and ACG, astroglial reactions were prominent in the subcortical white matter, and in some cases panlaminar astrogliosis was observed. Quantitative assessment of astroglial immunoreactivity by fractional area methods showed a significant increase in GFAP immunoreactivity in the GCL (P ¼ 0.000) and white matter (P ¼ 0.007) compartments of the cerebellum. Further analysis by western blotting of GFAP expression in protein homogenates obtained from a subset of autistic (n ¼ 7) and control patients (n ¼ 7) from whom fresh-frozen brain tissue had been obtained, showed a significantly increased expression of GFAP in the cerebellum (P ¼ 0.001), MFG (P ¼ 0.001) and ACG (P ¼ 0.038) of autistic patients, as compared to controls, findings that demonstrate the presence of a marked astroglial reaction in autism.
The pattern of microglial activation in autistic brains was further characterized by immunocytochemical staining for MHC class II markers (HLA-DR). Marked microglial activation was observed in the cerebellum, cortical regions and white matter of autistic patients. The most prominent microglial reaction was observed in the cerebellum, where the immunoreactivity for HLA-DR showed a significantly higher fractional area of immunoreactivity in both the GCL (P < 0.0001) and cerebellar white matter (P < 0.0001) of autistic subjects than in controls (Figure 1 ). At present, it is still unclear what the role of neuroglial responses in autism is or how these responses are involved in pathogenic mechanisms. The microglial and astroglial activation in the CNS may then have a dichotomous role in the inflammatory responses of the brain: as a direct effector of injury and on the other hand as neuroprotectant (Nguyen, Julien, & Rivest, 2002) . It is unclear how and when microglia and astroglia become activated in the brain of autistic patients. Neuroglial activation in autism may be part of both primary (intrinsic) responses that result from disturbances of neuroglial function or neuronal-neuroglial interactions during brain development and secondary (extrinsic) effects, resulting from unknown factors that disturb prenatal or postnatal CNS development. It is possible that the presence of activated microglia in the brain in autism may reflect abnormal persistence of fetal patterns of development in response to genetic or environmental (e.g., intrauterine, maternal) factors. Our findings may indicate that at some point during cortical and neuronal organization, unknown factors influence both neuronal and neuroglial cell populations, disturbing neurodevelopment and producing the neurocytoarchitectural changes seen in autism as well as inducing CNS dysfunction that results in neuroinflammation. Another potential explanation is that extrinsic etiological factors (e.g., non-genetic, neurotoxic or environmental) involved in the pathogenesis of autism may produce neuronal and cortical abnormalities, to which neuroglial reactions are only secondary responses.
Cytokine profile in the brain of autistic patients
Cytokines and chemokines play important roles as mediators of inflammatory reactions in the CNS and in processes of neuronal-neuroglial interactions that modulate the neuroimmune system. Cytokines may contribute to neuroinflammation as mediators of pro-inflammatory or anti-inflammatory responses within the CNS. Our laboratory has focused on studies to characterize the profiles of cytokines and chemokines in autistic brains by assessing the relative expression of these proteins in tissue homogenates from MFG, ACG, and CBL of autistic (n ¼ 7) and control (n ¼ 7) patients by using cytokine protein array methodology (Huang, 2004) . A statistical analysis of the relative expression of cytokines in autistic and control tissues showed a consistent and significantly higher level of subsets of cytokines in the brains of autistic patients: the anti-inflammatory cytokine transforming growth factor 1 (TGF-1) was increased in the MFG (P ¼ 0.026), ACG (P ¼ 0.011) and CBL (P ¼ 0.035) and the proinflammatory chemokines macrophage chemoattractant protein-1 (MCP-1) and thymus and activation-regulated chemokine (TARC), were increased in the ACG (P ¼ 0.026 and 0.035, respectively) and CBL (P ¼ 0.026 and 0.035, respectively). Interestingly, a larger spectrum of increases in pro-inflammatory and modulatory cytokines was seen in the ACG, an important cortical structure in autism, where there was a significant increase in pro-inflamamtory cytokines such as interleukin-6 (IL-6), interleukin-10 (IL-10), macrophage chemoattractant protein-3 (MCP-3), eotaxin, eotaxin 2, macrophage-derived chemokine (MDC), chemokine-8 (Ck8.1), neutrophil activating peptide-2 (NAP-2), monokine induced by interferon-(MIG) and B-lymphocyte chemoattractant (BLC) (Figure 2) .
The presence of MCP-1 is of particular interest, since it facilitates the infiltration and accumulation of monocytes and macrophages in inflammatory CNS disease (Mahad & Ransohoff, 2003) . Chemoattractant protein-1 is produced by activated and reactive astrocytes, a finding that demonstrate the effector role of these cells in the disease process in autism. The increase in MCP-1 expression has relevance to the pathogenesis of autism as we believe its elevation in the brain is linked to pathways of microglial activation and perhaps to the recruitment of monocytes/macrophages to areas of neuronalcortical abnormalities. Our observations resemble findings in other neurological disorders in which elevation of MCP-1 is associated with the pathogenesis of neuroinflammation and neuronal injury such as HIV dementia (Kelder et al., 1998) , ALS (Henkel et al., 2004) , and multiple sclerosis (Mahad & Ransohoff, 2003) . It remains unclear whether MCP-1 plays a more pleotrophic role in the CNS or whether its presence is only associated with inflammatory conditions. The presence of increased TGF-1 in the cortex and cerebellum of autistic brains may have important implications for the neurobiology of autism. Transforming growth factor 1 is a key anti-inflammatory cytokine and is involved in tissue remodeling following injury. It can suppress specific immune responses by inhibiting T-cell proliferation and maturation and downregulates MHC class II expression (Letterio & Roberts, 1998) . Importantly, cells undergoing cell death have been shown to secrete TGF-1, possibly to reduce local inflammation and prevent degeneration of additional surrounding cells (Chen et al., 2001) . Transforming growth factor 1 is produced mostly by reactive astrocytes and neurons. The elevation of TGF-1 suggests that the elevation of this cytokine in autism may reflect an attempt to modulate neuroinflammation or remodel and repair injured tissue. A remarkable profile of cytokine up-regulation was observed in the ACG, a region in which several cytokines, chemokines, and growth factors were markedly elevated when compared to controls. Pro-inflammatory cytokines (e.g., IL-6) and anti-inflammatory cytokines (e.g., IL-10) as well as subsets of chemokines were markedly elevated in the ACG, an important cortical region involved in dysfunctional brain activity in autism. These findings support the conclusion that an active, ongoing immunological process was present in multiple areas of the brain but at different levels of expression in each area.
Cerebrospinal fluid and neuroinflammation in autism
Despite these indications of multiple peripheral immune system abnormalities, there has been no consistent demonstration of inflammatory changes in cerebrospinal fluid (CSF) studies, and there has been no evidence of inflammation as indicated by standard cell counts, protein electrophoresis, protein concentration, increase of IgG index, or presence of oligoclonal bands . We have recently studied the profile of cytokines and chemokines in the CSF of autistic patients as an approach to evaluate proteins involved in innate and adaptive immune pathways (Vargas et al., 2005) . Cytokine protein arrays were used to compare the cytokine profiles of CSF from six autistic patients to that of CSF from a pool of donors without CNS pathology or inflammatory disorders (e.g., pseudotumor cerebri or headaches). We observed a marked increase in subsets of cytokines and chemokines involved in innate immune responses. As we had observed in brain tissues, CSF from autistic patients showed a significant increase in MCP-1 (12-fold increase) when compared to controls. Other pro-inflammatory such as IL-6, IFN-, IL-8, macrophage inflammatory protein-1 (MIP1), NAP-2, interferon-inducing protein-10 (IP-10) and angiogenin were all significantly increased when compared to control CSF (Figure 3 ). These cytokines play important roles in immune-mediated processes and their presence in the CSF in autistic patients may reflect an ongoing stage of inflammatory reactions likely associated with neuroglial activation and/or neuronal injury. Reasons for the relatively greater increases in these cytokines in CSF compared to brain are unknown. The differences we observed in cytokines in CSF compared to brain could result from other sources of production, such the leptomeninges or choroid plexus or might represent a persistent elevation of cytokines as result of a stage of neurodevelopmental arrest as some of the cytokines are normally elevated during phases of neurodevelopment. Since the CSF is easily accessible for clinical studies, CSF cytokine profiling may be useful in the future to diagnose, characterize and follow the clinical course of autistic disorders. inflammatory changes as there is not evidence of either pleocytosis, cellular reactions or humoral responses such as increase in immunoglobulin index or oligoclonal bands. Recent studies using detection of products of macrophage and immune reactions such as neopterin, quinolinic acid or biopterin were shown to be unhelpful in the detection of neuroinflammation in autistic patients . Our observations that subsets of cytokines and chemokines such as IL-6, IFN-and MCP-1 are elevated in patients with autism suggest that assessment of cytokine profiles are a potential approach to identify and evaluate the magnitude of inflammatory responses in these patients. It remains unknown whether these profiles correlate with the clinical spectrum of autism and further studies are required to understand the role of these cytokines and chemokines in the disease process. Another approach that may become practical in the future is the use of novel neuroimaging techniques such as brain imaging using PK11195, a ligand to the benzodiazepine receptor as a marker of microglial activation in vivo to determine the magnitude and extension of neuroglial reactions (Versijpt et al., 2003) . Another issue that is extremely important is to determine whether neuro-inflamamtion and neuroglial activation may be a target for treatment in autism. This issue requires a more detailed evaluation as the precise role of neuroinflammation in the pathogenesis and natural history of autism is still uncertain. Studies in animal models and other neurological disorders suggest that microglial activation and neuroinflammation may play a role in processes of injury as there is increased oxidative stress and tissue injury, however, there is also recent evidence that neuroinflammation may be associated with repair processes and regeneration (Neuhaus, Archelos, & Hartung, 2003) . Further studies are required in autism to help in the clarification of these issues. So, at this moment, we consider premature the use of any immunomodulatory intervention to modify the neuroglial activation and neuroinflammation. Furthermore, current treatment approaches to modify neuroimmune responses are very nonspecific and may bring more potential problems than benefits. The use of steroids or other immunotherapies such as immunoglobulin infusion and use of cytotoxic drugs may bring potential risks as these medications act mostly in cellular and humoral responses that are part of the adaptive immune system rather than neuroglial activation or innate immune responses.
Clinical and therapeutic implications of neuroinflammation in autism
Future directions
Several important questions regarding the role of neuroimmunity in autism remain unanswered, including: (1) Whether the neuroglial and neuroimmune responses associated with autism are part of the primary reactions that contribute to CNS dysfunction in this disorder or are epiphenomena resulting from reactions to CNS dysfunction; (2) the nature of the relationship of cytokines and chemokines to immune and neurobiological processes in the brain of autistic patients; (3) whether the cerebellar pathology in autism is primarily the result of neuroimmune processes or primary abnormalities in neuronal function; (4) how analysis of CSF may help us identify markers of immune reactions within the CNS; and (5) whether the immunogenetic background of the host influences the development of neuroimmune reactions or determines patterns of susceptibility to autism.
Conclusions
Autism is a complex neurobehavioral disorder of early life onset influenced by the interaction of different risk factors. We hypothesize that environmental factors (e.g., neurotoxins, infections, maternal infections) in presence of genetic susceptibility and the immunogenetic background of the host influence the development of abnormalities in cortical organization and neuronal circuitry and neuroinflammatory changes responsible for the generation of the autistic symptoms (Figure 4) . Our neuroimmunopathological studies strongly suggests that innate rather than adaptive neuroimmune responses are part of the immunopathogenic mechanisms associated with autism, but we cannot exclude the possibility that specific immune reactions, cellular or humoral, may occur at early stages of the disease, during prenatal or postnatal stages of brain development. The roles of neuroglial activation and neuroinflammation in the pathogenesis of autism are still uncertain but could be critical in maintaining, if not also in initiating, some of the CNS abnormalities present in this neurodevelopmental disorder. Neuroglial and neuroinflammatory responses likely have polygenic and environmental bases and may have important clinical and therapeutic implications in autism.
